Dye-sensitized solar cells (DSSCs) have attracted extensive attention for serving as potential low-cost alternatives to silicon-based solar cells. As a vital role of a typical DSSC, the counter electrode (CE) is generally employed to collect electrons via the external circuit and speed up the reduction reaction of I 3 − to I − in the redox electrolyte. The noble Pt is usually deposited on a conductive glass substrate as CE material due to its excellent electrical conductivity, electrocatalytic activity, and electrochemical stability. To achieve cost-efficient DSSCs, reasonable efforts have been made to explore Pt-free alternatives. Recently, the graphene-based CEs have been intensively investigated to replace the high-cost noble Pt CE. In this paper, we provided an overview of studies on the electrochemical and photovoltaic characteristics of graphene-based CEs, including graphene, graphene/Pt, graphene/carbon materials, graphene/conducting polymers, and graphene/inorganic compounds. We also summarize the design and advantages of each graphene-based material and provide the possible directions for designing new graphene-based catalysts in future research for high-performance and low-cost DSSCs.
Introduction
Nowadays, photovoltaic (PV) technology is considered as one of the widespread and efficient approaches to produce electricity from solar energy due to the increasing attention to low-carbon economy and renewable energy commercialization. On the basis of the basal technology, PV devices are generally classified as first-, second-, and third-generation solar cells. Since dye-sensitized solar cell (DSSC) was first reported in 1991 [1] , it has been regarded as one of the promising third-regeneration solar cells due to low manufacturing cost, facile fabrication processes, relatively high power conversion efficiency (PCE), and wide spectral response in visible light region for indoor applications [2] .
As illustrated in Figure 1 , a typical DSSC basically contains a nanocrystalline semiconductor oxide, a dye sensitizer, an electrolyte redox couple, and a catalyst material as cathode, also called counter electrode (CE) . To achieve high cell efficiency, the individual components in DSSCs are necessary to be optimized [3] . As a crucial component in DSSCs, the main functions of a CE is to transport electrons from external circuit and catalyze the reduction reaction of I 3 − to I − for dye regeneration. The overall I 3 − reduction reaction occurring on the CE surface can be described in (1) . Equation (1) can be divided into the following steps (as depicted in (2)- (5)) involved in the reduction mechanism of I 3 − [4] :
I 2 + 2CE ←→ I (CE) + I (CE)
I (CE) + e − ←→ I − (CE)
Equation (2) represents the solution phase reaction, which has been verified to be relatively fast and considered to be in equilibrium [4] . Then I 2 dissociates into two surface I atoms upon adsorption on the CE surface (designated as I(CE)) via (3) , and subsequently, I atoms on the CE surface are reduced to I − ions adsorbed on the CE surface through one-electron transfer as depicted in (4) . After that, the adsorbed I − ions are desorbed from the CE surface to be the solvated I − ions in electrolyte as illustrated in (5) .
On the basis of the functions of a CE and the reduction mechanism of I 3 − , an efficient CE should exhibit both high electrical conductivity and electrocatalytic activity to keep a low overpotential and to minimize energy loss in DSSCs [5] . Generally, Pt has been proven to be an excellent CE material in DSSCs due to its high electrical conductivity and excellent electrocatalytic activity as well as great electrochemical stability. As a noble and sparse metal, however, the high cost of Pt (ca. $50,000/Kg) restricts its practical applications. Therefore, much effort has been devoted to exploring the efficient Ptfree CEs. To date, a great deal of materials including carbon materials [6] , conducting polymers [7] [8] [9] [10] [11] , and inorganic materials [12] [13] [14] [15] [16] [17] [18] have been introduced as alternative CE materials to Pt.
Compared to other conventional carbon materials, graphene, a single-layer structure of two-dimensional graphite, possesses unique features of the strong mechanical strength, high electrical and thermal conductivity, large surface area, and high optical transmittance [19] . Therefore, it has been widely incorporated in the fields of microelectronic and optoelectronic devices, energy storage, and conversion materials [20, 21] . Since Aksay's group revealed the functional graphene sheets (FGSs) as CE material for efficiently catalyzing the redox reaction of I 3 − /I − in 2010, a variety of graphene-based CE materials have been intensively developed for Pt-free DSSCs [22] .
In this work, we comprehensively reviewed the advance of research on graphene-based CE materials for Pt-free DSSCs, with emphasis on composite materials.
Graphene CEs
Graphene has been considered as one of the promising Ptfree CE alternatives in DSSCs due to its specific properties of high electrical conductivity, excellent electrocatalytic activity, great anticorrosion resistance, and larger surface area [24, 28] . In general, graphene materials can be synthesized via mechanical exfoliation, epitaxial growth, chemical vapor deposition, thermal exfoliation [29] [30] [31] [32] , and so forth. Table 1 summarizes the comparison of various graphene CEs in DSSCs. For example, Aksay's group used thermal exfoliation to synthesize FGSs with defects and oxygen-containing function groups (hydroxyl, carbonyl, and epoxide) [24] . They found that the increase in C/O ratio of FGSs is positively associated with their electrocatalytic activity. Nevertheless, the electrical conductivity of FGSs can be reduced by forming more functional groups while the temperature of thermal processing increases over 1500 ∘ C. After the optimization of C/O ratio in FGSs, the FGSs-based DSSC reached higher PCE of 5.48% and fill factor (FF) of 0.60 than Pt-based DSSC (4.99% and 0.57). They found that the improved FF value of the FGSs-based DSSC can be attributed to its relatively low charge-transfer resistance ( ct ) of 0.64 Ω cm 2 , which is even lower than that of the Pt CE (0.79 Ω cm 2 ). Grätzel's group prepared an optically transparent graphene thin film by dropping commercial graphene nanoplatelets on fluorine doped tin oxide (FTO) glass substrates [23] . They found that the graphene CE has a much lower ct value in an ionic liquid than in the traditional organic solvent by a factor of 5-6, suggesting that the regeneration of I 3 − /I − in an ionic liquid is superior to that in the traditional organic solvent (as depicted in Figure 2 ). Choi et al. [33] further prepared graphene CEs using electrophoretic deposition followed by annealing treatment at 200∼600 ∘ C. They found that the DSSC using the graphene CEs obtained after the annealing treatment at 600 ∘ C exhibited the optimized PCE of 5.69%. Kaniyoor and Ramaprabhu [34] synthesized graphene with defectrich and wrinkled structure through a thermally exfoliated method. Then, the thermally exfoliated graphene (TEG) was suspended in Nafion/ethanol solution and subsequently dropped on FTO glass substrates to form the TEG CEs. The TEG CE demonstrated ct value of 11.7 Ω cm 2 , which is close to that of the Pt CE (6.5 Ω cm 2 ). This indicates that the wrinkled and defect-rich structure of TEG can provide large surface area and high density of defect sides for I 3 − /I − reduction reaction and thus the electron transfer kinetics at the CE/electrolyte interface is promoted. Zhang et al. synthesized novel 3D structure of graphene nanosheets (GNs) as CE material for DSSCs [28] . The GN was prepared using oxidative exfoliation of graphite followed by hydrazine reduction and annealing process. After the optimization of annealing temperature, it can be found that the DSSC assembled with the GN CE annealed at 400 ∘ C exhibited the best cell performance of 6.81%, which is comparable to that of the Pt-based DSSC (7.59%). After being annealed at 400 ∘ C, the GN was revealed with a unique 3D structure. This signifies that the annealed GN can afford sufficient surface area for I 3 − /I − reduction reaction and therefore its ct value is significantly decreased from 337.2 to 1.2 Ω.
On the other hand, Xu et al. [41] reported a facile and rapid microwave-assisted method to synthesize hemin functionalized reduced graphene oxide (hemin-RGO). It was found that 5-layer hemin-RGO demonstrated ct value of ca. 7 Ω, comparable to that of the Pt-based CE (7 Ω). Lee et al. fabricated 3D nanofoam of few-layer graphene (3D-NFG) with large-area coverage via the chemical vapor deposition (CVD) technique [42] . The PCE of the DSSC based on the 3D-NFG CE reached 5.2%, which was even close to that of Pt CE (5.7%). Yu et al. prepared the vertically oriented graphene (VG) nanosheets by plasma-enhanced chemical vapor deposition (PECVD), and the as-synthesized VG was found to be with large surface area and abundant oxygen functional groups [43] . According to series of electrochemical characterizations including electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV), the electrocatalytic activity of VG was systemically elucidated. The VG CE not only exhibited lower ct value (7.3 × 10 −3 Ω m 2 ) than Pt-based CE but also presented higher peak current and smaller peak-to-peak potential separation (Δ p ) compared to the Pt CE. This signifies the excellent electrocatalytic activity of VG CEs for reduction of I 3 − to I − , therefore resulting in that the DSSC assembled with the VG CE exhibited a relatively higher PCE of 5.36% than that based on the Pt CE (4.36%). Impressively, Wang et al. [44] synthesized the novel graphene sheet with 3D honeycomb-like structure based on a simple reaction between Li 2 O and CO. The PCE of the DSSC based on the 3D graphene with honeycomb-like structure reached 7.8%, presenting its great potential as an efficient Pt-free CE in DSSC. Yang et al. reported an N-doped few-layer graphene as CE material in DSSCs. According to the inert nature of the pristine graphene, it is usually with limited defects or edge planes [45] . Compared to the pristine graphene CE, N-doped graphene CE can provide more electrocatalytic sites for charge transfer between CE/electrolyte interfaces and therefore improve the cell conversion performance. Furthermore, they found that N-doped graphene in DSSC demonstrated great long-term stability due to the great adhesion between graphene materials and FTO substrate.
The commonly ruthenium dyes anchored onto the photoelectrode with I 3 − /I − system are considered to be with slow recombination kinetics and thus this promotes rapid dye regeneration. Nevertheless, the potential of I 3 − /I − redox couple is 0.35 V (versus the normal hydrogen electrode, NHE) [49] . As for the oxidation potential of the ruthenium dye, it is only ca. 1.1 V versus NHE [46] . 3+ /Co(bpy) 3 2+ electrolyte system. Kavan's group further reported on the improved fabrication protocol toward optically transparent graphene-based layers, yielding wear-resistant films with good adhesion to FTO [50] . They prepared the single-layer graphene oxide (GO) and GO-GNP composite; as a result, the GO-based electrodes showed better mechanical and electrochemical stability. After the aging tests, GO-based electrodes have less losing in electrocatalytic activity. Moreover, the best electrochemical performance and electrocatalytic ability of the CE prepared with 50% of GO and 50% of NGP in Co(bpy) 3 3+ /Co(bpy) 3
2+
electrolyte system. Roy-Mayhew et al. [24] fabricated the versatile functionalized graphene sheet (FGS) and employed it as CE in the DSSCs with iodine-, cobalt-, and sulfur-based redox mediators. As depicted in Figure 3 , the FGS-based DSSCs displayed superior photovoltaic performance to that of the Pt-based DSSCs regardless of the electrolyte systems.
Pt/Graphene Composites
To enhance the electrocatalytic activity of graphene CEs, a variety of Pt/graphene composite CEs are designed and synthesized, which are summarized in Table 2 for comparison. For example, Bajpai et al. 's [54] synthesized Pt nanoparticles (NP) were deposited directly on to graphene using pulsed laser deposition (PLD) method. Pt-NPs were deposited uniformly over micrometer-sized graphene sheets. They found that the graphene/Pt composite with 27% Pt loading showed higher PCE, short-circuit current density ( sc ) and ( oc ) and no loss of the FF as compared to the cells fabricated with standard expansive Pt CE. Wan et al. [55] Functionalized graphene sheet counter electrode Platinum counter electrode synthesized graphene/Pt nanocomposites with low Pt loading via a two-step reduction process. The resultant Pt/graphene composite films were then coated on FTO substrates using a simple drop-casting method at room temperature and subsequently used as CEs in DSSCs. The Pt nanoparticles are ca. 4-20 nm in size and uniformly distributed on the surface of the graphene layers. The energy conversion efficiency of the Pt/graphene-based DSSC was found to be 1.9%, close to that of cells with a Pt-based CE. Yen et al. [56] further developed a water-ethylene method to prepare a composite material consisting of Pt nanoparticles and graphene (PtNP/GR). The PCE value (6.35%) of the DSSCs using PtNP/GR CE was higher than Pt CE-based DSSCs (5.27%), which was attributed to the increase in sc value by 13%. Kim's group 6 Journal of Nanomaterials [57] prepared aqueous dispersible nanohybrids (NHBs) of graphene nanosheets (GNSs) and Pt nanoparticles (Pt-NPs) via the one-pot reduction of their precursors by using an environmentally friendly chemical, vitamin C. Moreover, the GNS/Pt-NHBs CE was simply fabricated by a facile electrospray approach from the as-prepared stable aqueous colloidal dispersion of GNS/Pt-NHBs. The main advantage of using electrospray to prepare the GNS/Pt-NHBs CE is that the GNS/Pt-NHBs hybrid materials can be directly deposited on the surface of FTO substrates without using any organic binders. The Pt-NPs were observed to be robustly attached on the surface of the GNSs. The PCE of the DSSC using the GNSs/NHBs CE (7.97%) was approximately two times higher than that of the DSSC with the GNSs (4.44%).
When the GNS-NHB CEs were with annealing treatment, the PCE of the DSSC assembled with the annealed GNSNHBs CE (8.91%) was comparable to that of the DSSC based on Pt CE (8.85%). Dao et al. [58] developed a simple and continuous dry-plasma reduction method to evenly hybrid Pt nanoparticles (Pt-NPs) on reduced graphene oxide (RGO) layer under atmospheric pressure and without using any toxic chemicals. Pt-NPs with a size range of 0.5-4 nm (mostly 2 nm) were found to be dispersed on the surface of RGO. The Pt-NPs/RGO CE displays great electrocatalytic activity as well as excellent long-term stability. The DSSC based on such robust and low-cost CE achieved an impressive PCE of 8.56%. Furthermore, Gong et al. [103] developed a facile electrostatic layer-by-layer self-assembly (ELSA) method to construct ultrathin films composed of graphene nanosheets (GNS) and Pt nanoparticles on the conductive glass as a transparent and high-performance CE. After a series of ELSA treatments, the as-prepared self-assembled film is then sintered and converted to graphene/Pt film on FTO glass substrate. The DSSC with the monolayer GNS/Pt CE achieved a PCE of 7.66%, which was comparable to that using the expensive sputtered Pt CE (8.16%) Yue et al. [104] employed a facile one-step electrochemical deposition method to prepare Pt nanoparticles/graphene nanosheets (PtNP/GN) films, in which the deposition bath was composed of H 2 PtCl 6 and GN. After optimizing the amount of GN (ranging from 0-0.25 wt%) in the deposition bath, the PtNP/GN-based DSSC achieved a high PCE of 7.88%, which is increased by 21% compared with a device based on traditional Pt CE. Yeh et al. [25] synthesized graphene/Pt nanoparticles (GN/PtNPs) catalysts with various PtNP loadings (10-60 wt%) using a polyol reduction method. As depicted in Figure 4 , the DSSC with the GN/PtNPs-20% CE shows the higher PCE of 8.79% as compared to cells with pristine GN (7.65%) and s-Pt CEs (8.58%). Thus, the efficient and economical GN/PtNPs-20% nanocomposite is a potential candidate for replacing the expensive Pt CE in DSSCs. To reduce the cost and time consumption for production, Saranya et al. [105] tried to employ a microwave-assisted exfoliation method followed by a chemical reduction by chloroplatinic acid for synthesizing graphene nanosheets (GNs)/Pt composites, in which only 160 s reaction time was required to the intercalation and exfoliation of the graphite to form GNs. The device assembled with the as-prepared Pt-decorated GNs achieved a PCE of 5.11%, which is increased by 11% compared to that reported for other similar systems.
Graphene/Carbon Material Composites
To achieve high-performance of graphene-based CEs, lots of research has been reported on hybrid graphene with other kinds of carbon materials including carbon nanotubes (CNTs), carbon black, and mesoporous carbon. For instance, the combination of 1-D CNT with 2-D graphene has been proposed to promote the electron transfer and ionic diffusion and therefore facilitate the charge transfer between CE and electrolyte [106] , as shown in Table 3 . Choi et al.
[59] fabricated a CE composed graphene and multiwalled carbon nanotube (MWCNT) by a CVD method. The incorporation of graphene in the MWCNT matrix can provide another area for I 3 − reduction and thereby the effectively enhanced electrocatalytic activity can be expected for the graphene/MWCNT CE. The cell with the graphene/MWCNT displayed an excellent FF value of 0.7 and exhibited a PCE of 4.46%. Li et al. [60] prepared vertically aligned carbon nanotubes (VACNTs) on a freestanding graphene paper (GP) by CVD. The direct deposition of VACNTs on highly conductive GP can facilitate the ionic diffusion within the composite electrode and electrons transfer at CE/electrolyte interface. As a result, the VACNT/GP CE displayed higher FF and PCE of 0.64 and 6.05%, respectively, compared with pure GP and VACNT/GP CE. Compared to conventional CVD method of growing graphene film to the desired substrates as CEs, electrophoretic deposition (EPD) is a relatively economical and versatile method to fabricate graphene-based CEs since the thickness of graphene film can be controlled by adjusting the deposition parameters such as deposition time and applied voltage. As depicted in Figure 5 , Zhu et al. [26] used a facile EPD approach to prepare reduced graphene (RG)/CNT composite CEs. Among the DSSCs with CNT, RG/CNT and Pt CEs, RG/CNT-based CE exhibited the highest FF value and therefore achieved the impressive PCE. The improved FF value can be ascribed to the short pathway of electron transfer within 2-D graphene sheets and the constructed electrical network by connecting graphene sheets with CNTs. Kim et al. [62] also used EPD method to deposit the graphene, single-walled CNT (SWCNT) and graphene-SWCNT composite on FTO glass substrates. Among them, as-fabricated graphene-SWCNT CE not only exhibited excellent electrocatalytic activity but also displayed the optical transmittance of 67% at 550 nm. On the other hand, Ma et al. [70] fabricated different transparent 3-D CNT/graphene CEs by controlling the spraying time and supporting with a mirror to reharvest the reflected light. The 30% transmittance of composite showed the highest conversion efficiency (7.70%) with a mirror for sc increasing to 0.83 mA cm −2 . In addition, Miao et al. [66] revealed highly electrocatalytic composite CEs based on the combination of the rapid electron transport of graphene and high surface area of carbon black. The moderate bundles of graphene homogeneously distributed within carbon black were observed for the composite CE synthesized in the ratio of graphene and carbon black in 1 : 3. This would therefore provide some space for electrolyte diffusion. The improved electron transport and electrolyte of the optimized composite CE would promote the electrons transfer and provide more effective active sites for I 3 − reduction. The DSSC based on the graphene/carbon black showed a PCE of 5.99%. On the other hand, ordered mesoporous carbon (OMC) has attracted extensive attention because of its great chemical stability, fast infiltration of electrolyte, effective catalysis area, and large pore volume [107] . However, OMC with random boundaries usually has low electron mobility and thus its electrocatalytic activity is insufficient as CE material in DSSCs [64] . To address the weakness of OMC, Sun et al. [64] combined OMC with highly conductive reduced graphene oxide (RGO) to form a OMC/RGO composite CE. Therefore, the device with the OMC/RGO composite CE exhibited higher PCE of 6.38% than that based on the OMC CE (5.67%). More recently, Shao et al. [63] prepared OMC/graphene nanosheet (GNS) composite with different weight ratios of GNS ranging from 5 to 50 wt%. The optimized OMC/GNS composite CE with 25 wt% GNS displayed the most excellent electrocatalytic activity and yielded the highest PCE of 6.82%, which rivaled that of the cell with Pt CE (7.08%). The improved photovoltaic performance of the aforementioned OMC/graphene-based composite CEs is mainly ascribed to the increased pathway for electron transfer by the introduction of highly conductive graphene sheets. In addition to I 3 − /I − redox couple, several graphene/carbon materials were employed as CEs for iodine-free DSSCs. Recently, Liu's group [27] utilized graphene modified mesoscopic carbon (GMC) as CE in DSSCs with thiolate/disulfide (ET − /BET) mediator as illustrated in Figure 6 and obtained significantly improved FF value, in which the FF value of mesoscopic carbon (NC) and GMC was 32.5% and 72.5%, respectively. Thus, remarkably enhanced PCE of 6.55% was achieved for the GMC-based device, which was much higher than that of the NC-based one. The EIS measurements confirmed that the ct value of GMC CE was only 1.26 Ω cm 2 , which was almost ten times lower than that of NC CE (12.87 Ω cm 2 ). The low ct value of the GMC CE is accounted for its low FF value. As a result, the GMC-based DSSC with disulfide redox couple system exhibited a superior PCE, which was increased by 35% than that of the GC-based one. As for coupling with Co(bpy) 3 3+ /Co(bpy) 3 2+ redox couple, Stefik et al. [68] developed a novel type of cathode composed of carbon fibers (CF) and graphene nanoplatelets (GNP). The CF/GNP composite CE was fabricated by embedding GNP in a conductive carbon matrix derived from the carbonization of poly(acrylonitrile) (PAN). This approach was found to effectively improve the adhesion of GNP with the conductive glass substrates. After the optimization, the CF/GNP CE containing 20% GNP not only showed the lowest ct value of 1.12 Ω cm 2 but also displayed its stable mechanical strength against mechanical aging tests. The DSSCs with the optimized CF/GNP CEs have the prominent PCE of 9.11%, which was higher than that of the cell based on Pt CE (8.61%).
Graphene/Conducting Polymer Composites
Organic conducting polymers, such as polyaniline (PANI), poly(3,4-ethylenedioxythiophene) (PEDOT), and polypyrrole (PPy), have also attracted lots of attention to be considered as potential CE materials due to their desirable characteristics of low-cost, environmental stability, high degree of processability, and interesting electrocatalytic properties. As depicted in Table 4 , to improve the electrocatalytic of conducting polymers for I 3 − reduction, highly conductive graphene are generally incorporated into the matrix of conducting polymers to increase their electrical conductivity for rapid electron transfer. For example, Hong et al. [72] fabricated transparent graphene/polystyreneslufonate doped poly(3,4-ethylenedioxythiophene) (PEDOT-PSS) composite films on conductive glass substrates by spin-coating the aqueous mixture of 1-pyrenebutyrate (PB − ) stabilized graphene and PEDOT-PSS. The graphene sheets were observed to be dispersed uniformly in PEDOT-PSS matrix, and the resultant composite film possessed the combined advantages of the excellent electrocatalytic PEDOT-PSS and the high conductive graphene. The PCE of the device was increased from 2.3% to 4.5% with increasing the content of graphene incorporated in the composite film from 0 wt% to 1 wt%. Moreover, Lee et al. [73] used graphene/PEDOT composite film to replace not only the Pt catalyst but also the transparent conducting oxide (TCO) layer in DSSCs. The cell assembled with such Pt-and TCO-free CE achieved a PCE of 6.26%, while the PCEs of DSSCs with Pt/ITO and PEDOT CEs were 6.68% and 5.62%, respectively. Yue et al. [74] prepared graphene/PEDOT-PSS composite film on FTO glass substrates using in situ electropolymerization approach, in which the different contents of graphene flakes were included in the deposition bath. The as-deposited graphene/PEDOT-PSS composite film possessed a lot of clusters for providing the active surface area and facilitating the penetration of the liquid electrolyte. The incorporation of 0.05 wt% graphene within the PEDOT-PSS matrix resulted in the most improvement of the electrocatalytic activity for I 3 − reduction. The DSSC based on such optimized graphene/PEDOT-PSS CE showed a high PC of 7.86%, comparable with the performance of the DSSC using the Pt CE (7.31%). In addition to PEDOT, PANI and PPy conducting polymers have been hybrid with graphene as efficient CEs in DSSCs.
He et al. [75] mixed PANI with graphene as PANI/graphene composites via a refluxing process. It was found that PANI was bonded onto graphene without any interfacial separation; the resulting covalent bonding could improve the electron transfer between PANI and graphene. The DSSC employing the PANI/8 wt% graphene composite CE provided an impressive PCE of 7.70% in comparison with 6.40% from the pristine PANI CE-based device. Wang et al. [76] firstly incorporated GO into PANI matrix via layer-bylayer electrostatic adsorption method. To further enhance the electrical conductivity and electrocatalytic activity of the PANI-GO films, they were reduced with hydroiodic acid in the form of PANI-RGO composite films. They also found that the incorporation of RGO into PANI matrix can increase the transparency of PANI and promote the lightharvesting from the rear side of devices. A cell based on the transparent PANI-RGO CE can achieve an impressive PCE of 7.84%, which is comparable to that assembled with Pt CE (8.19%). Liu et al. [77] employed a facile two-step electrochemical process to fabricate PPy/RGO composites. Firstly, the PPy/GO composites were obtained by electrochemical oxidative polymerization. Secondly, the GO incorporated in the PPy/GO composites was effectively reduced to RGO through cyclic voltammetry method to obtain PPy/RGO composites. After optimizing the polymerization period of PPy/GO, the DSSC based on the optimized PPy/RGO CE presented a PCE of 6.45%, which was ca. 90% of that of the device using a thermally deposited Pt CE (7.14%).
In addition to the mixture of graphene and conducting polymers, Wang et al. [35] synthesized a hybrid material of polyaniline (PANI) nanoparticles dispersed on the graphene prepared using an in situ polymerization method (Figure 7) . In their work, the graphene sheets function as highly conductive supports for decorating PANI nanoparticles, thus providing rapid electron transfer to highly electrocatalytic PANI nanoparticles and increased electrocatalytic active sites for the reduction of I 3 − . As a result, the DSSC with PANI/graphene counter electrode achieved a PCE of 6.09%, which is comparable to that of the cell with Pt CE (6.88%).
Graphene/Inorganic Compound Composites
Except for conventional carbon materials and conducting polymers, great deals of studies have been recently reported for exploring low-cost, highly efficient electrocatalytic materials as CEs in DSSCs. Up to date, inorganic compounds, such as transition metal oxides, nitrides, sulfides, and carbides [12] [13] [14] [108] [109] [110] , have demonstrated their promising potential as Pt-free CEs because of their superior electrocatalytic activity. Nevertheless, their electrical conductivity is still insufficient due to numerous defects or grain boundaries in their structures [16, 81, 111] . To address this weakness, the most efficient strategy is to hybridize nanostructured inorganic compounds with highly conductive materials. As mentioned before, graphene is one of the carbon family materials, which can own outstanding electrical conductivity for electron transfer between inorganic compounds nanoparticles and high specific surface area for decorating them. Moreover, the synthesis of nanostructured inorganic compounds on graphene support could provide increased electrocatalytic sites for I 3 − reduction. The synergic effect of the aforementioned advantages of hybridization of graphene and inorganic compounds nanoparticles would promote the charge transfer between CEs and electrolyte. In this section, the recent developments of the composite CEs composed of graphene and inorganic compounds are summarized in Tables 5 and 6 and compared as follows.
Graphene/Metal
Sulfides. In 2009, Wang et al. [12] first reported an electrochemical deposited cobalt sulfide (CoS) on ITO/PEN film as an efficient CE in DSSCs. Since that, varieties of transition metal sulfides have been investigated as CEs in DSSCs CE. Among them, molybdenum disulfide (MoS 2 ), a typically two-dimensional layered stricture, exhibits Mo atoms bonding between the three stacked atomic layers (S-Mo-S) by weak van der Waals interplay. MoS 2 has two typical surfaces on the crystals, which are terrace sites on the basal planes and edge sites on the side surfaces. Due to the anisotropic bonding and the general tendency to minimize the surface energy, nanoparticles of layer materials usually exhibit platelet-like morphology, in which the basal planes are exposed. In addition, the MoS 2 proposed that the catalytically active sites of MoS 2 lie on the edges of the typical layered material but not on the basal planes [112] . To pursue MoS 2 -based CEs with highly efficient performance in DSSCs, as depicted in Figure 8 , our group first decorated MoS 2 nanoparticles on reduced graphene oxide (RGO) surface and deposited the composites on FTO glass substrates as efficient CEs using drop-casting method. The extensive cyclic voltammograms (CVs) showed that the cathodic current density of the MoS 2 /RGO CE was higher than that of MoS 2 , RGO, and sputtered Pt CEs, due to the increased active surface area of the former [36] . As depicted in Figure 9 , the enhanced electrocatalytic activity of the MoS 2 /RGO CE can be attributed not only to the superior electrical conductivity of RGO but also to the considerable active surface area of the MoS 2 nanoparticles dispersed on the RGO surface. The DSSC assembled with the MoS 2 /RGO CE showed a comparable power conversion efficiency of 6.04% to the cell with a Pt CE (6.38%). Subsequently, our group synthesized transparent MoS 2 /graphene nanosheet (GNS) composites via one-pot hydrothermal reaction and deposited them on FTO glass substrates using electrophoretic deposition. The resultant transparent MoS 2 /GNS composite CE demonstrated both high transmittance (>70%) at visible wavelengths and improved electrocatalytic activity. The DSSC based on the transparent CE still achieved an impassive PCE of 5.81%, which is up to 93% of that obtained with the conventional Pt CE [89] . The use of electrophoretic deposition has the advantages of high deposition rate, controlled thickness, excellent uniformity, large-scale production, and being without any binders. Recently, a hybrid of MoS 2 /RGO and CNTs (as depicted in Figure 10 ) has been directly deposited onto FTO glass substrate by similar electrophoretic deposition and employed as CE materials in DSSCs by our group [37] . Electrochemical studies indicated that the incorporation of CNTs within the MoS 2 /RGO matrix can facilitate the electron transport efficiently and therefore enhance the charge-transfer rate for I 3 − reduction. Consequently, the DSSC assembled with the MoS 2 /RGO-CNTs CE achieves an impressive PCE of 7.46%, which is higher than that of devices that incorporate MoS 2 /RGO CE (6.82%) or Pt CE (7.23%) [37] .
Additionally, Das et al. [78] decorated CoS nanoparticles on graphene film (G-CoS) via successive ionic layer adsorption and reaction (SILAR) process; therefore, the increased catalytic area for I 3 − reduction at CE/electrolyte and CoS nanoparticles was obtained. Consequently, remarkably improved FF and PCE values for the G-CoS based DSSC were achieved, compared to that with pristine CoS CE. Bi et al. [79] synthesized two kinds of metal sulfides (CoS and NiS) and CoS/graphene and NiS/graphene composites as Ptfree CEs. Firstly, 3D graphene was directly deposited on SiO 2 substrate, serving not only as conductivity layer for electron transfer but also as support for decorating CoS or NiS nanoparticles. In recorded CV curves, the cathodic current densities of CoS/graphene and NiS/graphene CEs were obviously higher than those of CoS/FTO, NiS/FTO, and Pt/FTO, indicating that the composites CEs have higher electrocatalytic activity for I 3 − reduction. Moreover, both NiS/graphene and CoS/graphene CEs showed the smaller ct of 8.6 and 8.8 Ω cm 2 than that of the NiS/FTO (20.5 Ω cm 2 ), CoS/FTO (26.4 Ω cm 2 ), and Pt/FTO (9.1 Ω cm 2 ) CEs, signifying the significantly improved charge transfer at CE/electrolyte for the NiS/graphene and CoS/graphene CEs. The improved PCE values of 5.25% and 5.04% were found for the DSSCs based on the NiS/graphene and CoS/graphene CEs. This can be ascribed to their improved FF values of 0.72 and 0.69, respectively. More recently, Duan et al. [80] synthesized the CoS 2 /graphene composite by a facile hydrothermal reaction and utilized doctor-blade method to prepare CEs. The incorporation of graphene significantly controlled CoS 2 particles size and offered large reaction surface at CE/electrolyte. Therefore, CoS 2 /graphene composite CE could provide an efficient diffusion channel for electrolyte penetration and enhanced electrocatalytic activity for I 3 − reduction. While the DSSC assembled with the CoS 2 /graphene composite CE, it displayed a PCE up to 6.55%, which exceeded that of the Ptbased device (6.20%).
Li et al. [85] prepared the nanocomposites of NiS 2 with reduced graphene oxide (NiS 2 @RGO) by a facile hydrothermal reaction. Compared to RGO and NiS 2 CEs, the NiS 2 @RGO exhibited superior electrocatalytic activity. Therefore, the device with NiS 2 @RGO CE exhibited a higher PCE of 8.55% than that with RGO (3.14%) or NiS 2 (7.02%) CE. This can be explained by the fact that the NiS 2 @RGO CE possessed lower ct value of 2.9 Ω cm 2 than that of RGO (100.02 Ω cm 2 ) and NiS 2 (8.8 Ω cm 2 ) CEs, therefore revealing the faster charge transfer at CE/electrolyte. Shen et al. [87] used facile and low-temperature hydrothermal method to synthesize the nanocomposites composed of 1-D NiS and 2-D graphene (designated as NiS-G) with the ratio of graphene/NiS ranging from 0.2 to 0.6. Among all devices with NiS-G based CEs, the DSSC based on the NiS-G0.4 CE showed the highest sc of 17.05 mA cm −2 and PCE of 8.26%, which was much higher than that with pristine graphene (1.56%) or NiS CE (7.41%). The appropriate proportion of NiS and graphene could be associated with its morphology and the diffusion resistance, confirming that the loading of NiS fine rods can efficiently hinder the agglomeration of adjacent graphene layers and favor the diffusion of the electrolyte species within the NiS-G CE. Yang et al. [91] [95] . The graphene-wrapped CuInS 2 composites were exploited as counter electrode for DSSCs and therefore achieved a power conversion efficiency of 6.4%, which is comparable to that of Pt CE (6.9%) [95] .
In addition to wrapping transition metal sulfide nanoparticles on graphene surface, the graphene can be incorporated into metal sulfide matrix to serve the conductive network in metal sulfides. Huo et al. [84] developed the sponge-like CoS/reduced graphene oxide (CoS/RGO) by electrophoretic deposition and ion exchange deposition. The as-prepared pristine CoS as CE has a sponge-like morphology with large specific surface area and low charge-transfer resistance at the CE/electrolyte interface. To further enhance the electrocatalytic activity of sponge-like CoS CEs, the various content of RGO was incorporated in the sponge-like CoS. The composite CE with the optimized composition ratio (CoS/RGO 0.2 , RGO: 0.2 mgL −1 ) revealed the smallest ct value of 3.59 Ω cm 2 , as well as the highest PCE of 9.39%, which was increased by 27.93% compared with that using Pt CE. Furthermore, Bai et al. [38] synthesized flower-like copper zinc tin sulfide (CZTS) and graphene as composite CE (Figure 11) . The CZTS/graphene demonstrated excellent electrocatalytic activity because the incorporation of highly conductive graphene of 2 wt% remarkably reduced its series resistance ( s ) from 22.84 Ω to 13.33 Ω and then enhanced the electrical conductivity of the composite CE. Liu et al. [96] employed 3D CuInS 2 microspheres as CE materials and the DSSC based on the CE showed a PCE of only 3.31%. To improve the cell efficiency of the DSSC, the CuInS 2 nanomaterial was hybridized with highly conductive RGO and its cell performance was increased to 6.18%.
Graphene/Metal Oxide Composites.
Bajpai et al. [97] synthesized NiO nanoparticles homogeneously deposited over few-layered graphene platelets (GPs) by pulsed laser ablation. The device with NiO-GP CE yielded a PCE of 3.06%, which outperformed the cells using unsupported NiO nanoparticles (2.03%) or pristine GPs (2.46%) and was even comparable to a conventional Pt-based DSSC (3.57%). Furthermore, Dao et al. [98] employed dry-plasma reduction to hybridize the NiO nanoparticles (NiO-NPs) on the surface of RGO. The resultant NiO-NP-RGO CE displayed ct value of 1.93 Ω cm 2 , much lower than that of NiO-NP-immobilized CE (44.39 Ω cm 2 ) and a GO-coated CE (12.19 Ω cm 2 ). In addition, the shunt resistant ( h ) value of the NiO-NP-RGO CE measured at a high frequency range was found to be 2.44 Ω cm 2 , which was slightly lower than the values found for RGO CE (2.45 Ω cm 2 ) and NiO-NP CE (2.53 Ω cm 2 ). This phenomenon can be associated with the decoration of NiO-NPs on the RGO surface, which constructs lots of bridges for facilitating electron transfer between NiO-CPs and RGO. Gong et al. [99] synthesized a porous graphene (GNS)/SiO 2 nanocomposite converted from graphene oxide mixed with SiO 2 nanoparticles through facile hydrazine hydrate reduction. To substantiate the formation of pores within the composite film, the GNS/SiO 2 nanocomposite exhibited a narrow pore size distribution centered at 4.0 nm; thus, SiO 2 nanoparticles played a significant role in the GNS layers to build up porous nanostructured architecture. Compared to SiO 2 and GNS CEs, the GNS/SiO 2 composite CE demonstrated the lower s and ct values, displaying its fast electron and charge transfer. Additionally, the porous structure of the GNS/SiO 2 composite film could provide larger surface area than the GNS film, thus enhancing the accessibility of the electrolyte to the inside of CE and being favorable for the reduction of I 3 − to I − . As a consequence, DSSC assembled with GNS/SiO 2 CE achieved high cell efficiency of 6.82%, considered as a promising potential candidate to replace conventional Pt CE. Recently, Chang et al. [100] demonstrated that the combination of graphene nanosheets (GNS) and ZnO nanorods can be a highly efficient 3-D CE in DSSCs. The use of the ZnO nanorods as a 3D framework nanostructure could prevent the aggregations of GNs. Unlike conventional chemical functionalization of graphene, the electrocatalytic active sites are created by damaging the conjugated structure in the graphitic basal plan with a concomitant decrease in the electrical conductivity. This novel hybrid system has proved that the GNs were efficiently isolated from each other to prevent the aggregation and restacking of GNs, which increased the active defective sites for the redox reaction of I − /I 3 − to improve the electrocatalytic performance. Therefore, the novel hybrid nanoarchitecture exhibited improved performance as a promising candidate CE for DSSCs due to the fast electron transport network and more active sites for catalyzing the I 3 − reduction. The PCE of the DSSC based on the GNs@ZnO nanorods CE was reached 8.12%, which was comparable to the device using Pt CE (8.82%). Interestingly, the inorganic transition metal oxides, Fe 2 O 3 , exhibited approximately identical adsorption energy of iodine compared to that of Pt in earlier research [113, 114] frameworks (GFs), where Fe 2 O 3 NPs act as highly active sites for reduction I 3 − and the 3D graphene frameworks form an interconnected electron transfer highway system. As can be seen in Figure 12 , The DSSCs fabricated with the Fe 2 O 3 /GFs CEs showed a higher PCE of 7.45% in comparison to 7.29% for the DSSCs with Pt CEs [39] . By EIS, CV and Tafel polarization measurements (also summarized in Figure 12 ), 3D Fe 2 O 3 /GFs not only obtained high efficiency but also provided multidimensional pathways to facilitate the transport of electrons in the bulk electrode [39] . Due to the fast electron transfer in the interpenetrating graphene frameworks, the shuttle electrons easily cross the graphene sheets to the catalytic Fe 2 O 3 NPs sites where the electrons are used to reduce I 3 − . Consequently, Fe 2 O 3 NPs have lower s and ct to reduce the interface loss of charge transfer and enhance charge collection efficiency, thereby boosting the photovoltaic performance of DSSCs.
GFs

Other Inorganic Compound/Graphene
Composites. Combination Ni 12 P 5 and graphene (graphene-Ni 12 P 5 ) as a unique composite CE also displayed interesting characteristics of improved electrocatalytic activity, electrical conductivity, and electrolyte penetration [40] . After evaluating the intrinsic electrochemical features of the Ni 12 P 5 , graphene and graphene-Ni 12 P 5 as CEs in DSSCs, the graphene-Ni 12 P 5 composite shows optimized electrochemical features, including lower charge-transfer resistance and diffusion impedance by the combination of both contributions of the high electrocatalytic activity of Ni 12 P 5 nanocrystallites and fast diffusion process of the electrolyte species in the graphene.
The main key could relative that the graphene-Ni 12 P 5 composite as CE had more active sites and spacers among the graphene layers to accelerate the diffusion of electrolyte species.
On the other hand, some studies have demonstrated that Ni 0.85 Se presented excellent electrocatalytic performance for the I 3 − reduction and can be a potential material as CEs [115] . As can be seen in Figure 13 , mesoporous Ni 0.85 Se nanospheres on reduced graphene oxide (Ni 0.85 Se@RGO) were further prepared because the mesoporous structure of Ni 0.85 Se nanospheres and RGO both possessed large specific surface area and fast electron transfer channels. Consequently, the Ni 0.85 Se@RGO CE could provide increased catalytic active sites to reduce I 3 − and relatively fast electron transfer channels, thus significantly enhancing the electrocatalytic activity of Ni 0.85 Se@RGO CE. The PCE of the device with the Ni 0.85 Se@RGO CE reached 7.82%, which was slightly higher than that of Pt CE (7.54%).
In order to achieve the high-performance of DSSCs with CEs composed of inorganic compounds and carbon materials, graphene sheets doped with heteroatoms such as nitrogen (N), boron (B), and phosphorous (P) can improve their electrocatalytic active sites [116] . Therefore, Balamurugan et al. [117] hybridized iron nitride (FeN) core-shell nanoparticles grown on nitrogen-doped graphene (NG) as CE material for application in DSSCs. In particular, the superior performance of DSSCs with newly developed core-shell FeN/NG nanohybrids was attributed to the high electrical conductivity, large surface area, good surface hydrophilicity, enhanced electrolyte/CE interaction, and excellent electrocatalytic activity toward the reduction of iodine redox species. The PCE of the DSSC with core-shell FeN/NG CE reached 10.86%, which was also superior to that of a cell with a conventional Pt CE (9.93%) under the same experimental conditions.
Summary
DSSCs have been widely regarded as promising photovoltaic devices to convert incident light to electricity. In accordance with the working mechanism of DSSCs, CEs have to possess both high electrical conductivity and excellent electrocatalytic activity for collecting electron back from external circuit, constructing rapid electron transfer network, and catalyzing I 3 − reduction reaction. Moreover, low-cost alternative CEs should be explored to replace high-cost noble Pt CE for large-scale applications. As a result, we review a great deal of graphene-based CE materials for low-cost Pt-free DSSCs since graphene has the following specific properties of high electrical conductivity, great anticorrosion resistance, and large surface area. In this study, the electrochemical properties of various graphene-based CEs and their effects on cell performance were systemically discussed. It is found that the pristine graphene does not display sufficient electrocatalytic activity due to its limited electroactive sites. To improve this issue, three approaches have been conducted: (i) the decoration of excellent electrocatalytic nanomaterials on the surface of highly conductive graphene, (ii) the incorporation of graphene in the matrix of electrocatalytic materials to improve its electrical conductivity, and (iii) the introduction of highly conductive materials to connect graphene layers for promoting electron transfer between them. Although lots of studies have been carried out to improve the various aspects of graphene-based CEs in DSSCs, the device performance of most DSSCs is still relatively lower compared with that using a conventional Pt CE.
On the basis of strategies (i) and (iii), although the graphene decorated with highly electrocatalytic nanoparticles has high electrocatalytic activity, it still requires some conductive materials to connect graphene layers for promoting electron transfer. Therefore, the fabrication of the novel hybrids composed of conductive materials/graphene decorated with highly electrocatalytic nanoparticles would be a promising approach to design highly efficient Pt-free alternatives for low-cost DSSCs in the near future.
